Two near-β alloys, Ti-5Al-5Mo-5V-2Cr-1Fe and Ti-10V-3Fe-3Al, were produced by the blended element powder metallurgy technique. The use of (i) elemental powders with the Al-V master alloy in the case of Ti-5Al-5Mo-5V-2Cr-1Fe and, (ii) the complex Al-Fe-V master alloy in Ti-10V-3Fe-3Al has highlighted the influence of different alloying elements and their combination on microstructure evolution and chemical homogenisation. While Fe has the fastest diffusivity in Ti and its addition improves the density of both sintered alloys it also results in accelerated rates of grain coarsening. The combination of Al and V in the master alloy powder inhibits the diffusion of V into the Ti matrix. The unexpectedly slow diffusion of Cr at the early sintering stage in Ti-5Al-5Mo-5V-2Cr-1Fe was attributed to the formation of surface oxides on the Cr powders.
Introduction
Near-β Ti alloys exhibit an attractive combination of high strength, excellent corrosion resistance and low density. However, their application is severely restricted due to the high production costs associated with the traditional ingot route. To this end, near-net-shape powder metallurgy (PM) techniques are a more cost-effective alternative for the fabrication of Ti parts. The blended elemental powder metallurgy (BEPM) method, in which the alloying elements are added to Ti as elemental or master alloy powders, is the most promising amongst the available PM technologies as it offers the added advantage of facilitating the easy modification of alloy compositions [1, 2] . During BEPM, the chemical homogenization of heterogeneous powder compacts, their densification and the corresponding microstructure evolution and grain growth, are diffusion controlled processes [2] [3] [4] [5] . BEPM allows for tailoring of the alloy composition and microstructure to the end product by facilitating the easy modification of conventional Ti alloy compositions through the addition of elements that diffuse rapidly into the Ti matrix. This presents a further opportunity to improve the sintering and homogenisation behavior of near-β Ti alloys. Since Fe enhances the sinterability of near-β Ti alloys [6, 7] , the present work characterizes two alloys produced using the BEPM technique: (i) a Ti-10V-2Fe-3Al (Ti-1023) alloy modified with a 1 wt.% increase in Fe content to Ti-10V-3Fe-3Al (or 1033) composition and, (ii) a Ti-5Al-5Mo-5V-3Cr-0.5Fe alloy (Ti-5553) modified with a 0.5 wt.% increase in Fe content to Ti-5Al-5V-5Mo-2Cr-1Fe (or 55521) composition.
Experimental Procedure
Hydrogenated Ti powder with particle sizes less than <100µm and containing 3.5wt% hydrogen was used for the preparation of the two modified alloys. For preparation of the 1033 alloy, the base powder was blended with a master alloy of 62.5V-18.75Fe-18.75Al(wt.%) having particle sizes less than < 40 µm. For production of 55521 alloy the base powder was blended with elemental powders of Mo (<43 µm particle size), Fe and Cr (<63 µm particles sizes), and 50V-50Al (wt.%) master alloy (<63 µm particle size). The powder compacts were heated in vacuum following different time-temperature schedules. The samples for microstructure and composition analysis were taken from the three stages of processing. For the 55521 alloy, this was undertaken after:
Step I: heating to 1020 °C for 1 h followed by furnace cooling;
Step II: heating to 1020 °C for 1 h + 1250 °C for 10 min and then furnace cooling;
Step III: heating to 1020 °C for 1 h + 1250 °C for 6 h and then furnace cooling. In the case of the 1033 alloy, the analysis was performed after:
Step I: heating to 1020 °C followed by immediate furnace cooling;
Step II: heating to 1020 °C for 15 min, then to 1250 °C followed by immediate furnace cooling;
Step III: heating to 1020 °C for 15 min + 1250 °C for 4 h and then furnace cooling. The polished specimens were etched using Kroll's solution (2 ml HF, 5ml HNO3 and 93 ml H2O) and examined using a JEOL JSM 7100F Field Emission-Scanning Electron Microscope (FE-SEM) operating at 15kV accelerating voltage, ~5.1 nA probe current and 10 mm working distance. Energy-Dispersive X-ray spectroscopy (EDS) analysis was undertaken using a 127 eV Bruker-AXS XFlash Detector mated to the Quantax software acquisition system.
The determination of residual porosity was carried out by optical metallography using an Olympus IX70 microscope.
Results
1033 Alloy. The representative microstructure of the alloy after Step I processing is shown in Fig. 1a . It is clear that a significant number of undissolved alloying particles and pores remain in the microstructure comprising non-lamellar β and lamellar α+β regions. X-ray maps (Figs. 1b-1e) confirm that the alloying elements are predominantly concentrated in the alloying particles with clearly outlined interfaces between the particles and the matrix. After
Step II processing, the amount of lamellar α+β areas has increased and further densification and homogenization have occurred (Fig. 2a ). The previously elongated shape of the pores has changed to a more spherical one. Al and Fe are nearly homogeneously distributed within Contrarily, the remnants of undissloved particles containing V are clearly visible (Fig. 2d ). The representative concentration profiles across the powder particles after these two steps indicate that the rate of element diffusion differs; with Fe and Al followed by V being the elements that diffuse into the Ti matrix at decreasing rates, respectively ( Fig. 3 ). In the fully sintered condition after step III processing, the microstructure consists of β grains (~145 µm average grain size ) with fine α lamellar precipitation within them and a coarser grain boundary α phase (Fig. 2f ). The concentration profiles ( Fig. 3c ) are consistent with the redistribution of alloying elements between α and β phases. The residual porosity was 3.4 vol.%. fraction of the α+β regions and a decrease in the number of pores (Fig. 5a ). By the end of Step III processing, a mostly homogeneous microstructure consisting of β grains (~69 µm average grain size) with finer intergranular α lamellae and grain boundary α is developed. At this point, the residual porosity constitutes ~2 vol.%. The progress of the alloying elements homogenisation could be followed by X-ray maps shown in Figs. 3 and 4 . A more detailed analysis together with concentration profiles is given elsewhere [8] . After Step I processing, only Fe and Al, and to some extent V, penetrate into the matrix (Fig.  3) . These elements are nearly uniformly distributed after Step II processing (Fig. 4) . On the other hand, the diffusion of Cr and Mo after Step I processing is very limited and these powders remain undissolved even after Step II processing ( Figs. 4g and 4h) . A comparison of the average peak concentrations of the powders (in wt.%) after processing Steps I and II with that of the green body also confirms the decreasing diffusion rate of alloying elements in the following order Fe (100/11/1), Al (50/8/5), V (50/65/8), Mo (100/85/12) and Cr (100/94/12). The resulting relative composition of the residual Al-V particle at Step I is higher in V than that of a green body due to the rapid diffusion of Al from the alloying particle into the Ti matrix rather than the behaviour of the V. 
Discussion
Diffusivity and solubility of the alloying elements in both β and α phases dictate the powder dissolution kinetics and alloy homogenization. While data on solubility is given in Table 1 , the temperature effect on diffusivities is shown in Fig. 7 . As expected, the elements with the highest diffusivity in β, namely Fe and Al, demonstrate the fastest element homogenization in the 1033 alloy. In a surprising result for the 55521 alloy, Cr recorded faster diffusivity than Al. While the redistribution of Cr was very slow after Step I processing, its significant acceleration after Step II processing is associated with the dissolution of the oxide located at the surface [8] . Thus, the observed order of diffusion rates of individual elements into the Ti matrix corresponds to the literature data on their diffusivities (Fig. 7) .
This leads to the conclusion that the limiting factor in the homogenization of the 1023 alloy is the diffusion of V. On the other hand, the limiting factor in the 55521 alloy is defined by the diffusivities of Mo and Cr. If the formation of the oxide film on Cr powders is prevented, then the diffusion rate of Mo becomes the controlling factor. It is also worth to note that as Al and V are typically added as a master alloy, the diffusion of Al into Ti matrix starts on heating through the α region due to high solubility of Al in hcp α lattice. This results in an enrichment of the surrounding matrix in α-stabiliser Al; thus further restricting the diffusion of β-stabiliser V until sufficiently high temperatures (~1250 o C during Step II processing) are reached. This is consistent with previous research suggesting the hindrance of α and β stabilizer diffusion due to the formation of corresponding phase barriers [4, 5] . It is also worthwhile to comment on the absence of interdiffusion of the alloying elements; as no penetration of alloying elements into other powders was detected in 55521 alloy. [9] .
The addition of a further 0.5 wt.% Fe to the standard Ti-5553 alloy [5, 8] resulted in improved sinterability, homogenisation and a better combination of high relative density and fine grains, which is a promising outcome; one that enables the further development and optimisation of these powder metallurgy alloys and their processing schedules. Contrarily, increased Fe content in 1033 alloy led to the faster pores closure, but accelerated grain growth compared to the standard 1023 alloy [5] .
In both modified alloys, the presence of a stable β phase in the areas surrounding alloying particles at the earlier stages of sintering is a manifestation of the high concentration of β-stabilsing elements. With increased distance from these particles, the amount of β-stabilisers is reduced; which in turn, leads to the decomposition of the β phase into α+β upon cooling. At further distances from the particles, coarser lamellar microstructure is formed as β-stabilisers delay the β → α + β transformation and lead to the precipitation of finer α lamellae. 
Summary
The investigation of the alloying elements behavior during sintering of two near-β titanium alloys by BEPM has shown that the use of fast diffusing elements (such as Al and Fe) assists in the sintering and chemical homogenization of the Ti matrix. On the other hand, slow diffusing alloying elements, such as Mo and V, delay the homogenisation process and are the controlling factors for the achievement of the fully homogenised product. The combination of α and β stabilising elements in one master alloy powder also restricts the diffusion of one or more alloying elements; thus delaying the overall homogenization. The addition of an extra 1 wt.% Fe to 1023 alloy plays a twofold role such that it aids sintering but leads to undesirable accelerated grain coarsening. Thus, this deleterious effect needs to be controlled by modification of processing parameters. b a
